Profound induction of immediate early genes (IEGs) by neural activation is a critical determinant for plasticity in the brain, but intervening molecular signals are not well characterized. We demonstrate that inositol polyphosphate multikinase (IPMK) acts noncatalytically as a transcriptional coactivator to mediate induction of numerous IEGs. IEG induction by electroconvulsive stimulation is virtually abolished in the brains of IPMK-deleted mice, which also display deficits in spatial memory. Neural activity stimulates binding of IPMK to the histone acetyltransferase CBP and enhances its recruitment to IEG promoters. Interestingly, IPMK regulation of CBP recruitment and IEG induction does not require its catalytic activities. Dominant-negative constructs, which prevent IPMK-CBP binding, substantially decrease IEG induction. As IPMK is ubiquitously expressed, its epigenetic regulation of IEGs may influence diverse nonneural and neural biologic processes.
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inositol phosphates | learning I mmediate early genes (IEGs) are a family of rapidly inducible genes that are transcriptionally activated in response to a wide variety of stimuli (1) (2) (3) (4) (5) . In the brain, IEG induction mediates the plasticity underlying complex processes such as learning, memory, and behavior (6) (7) (8) . Thus, genetic deletion of these IEGs often leads to deficits in the encoding and consolidation of longterm memory (9) (10) (11) . Signaling cascades in which neural activity induces IEGs have been elusive.
Inositol polyphosphate multikinase (IPMK) is a multifunctional enzyme that possesses both inositol phosphate kinase (IP3-kinase) (12, 13) and phosphatidylinositol kinase (PI3-kinase) activities (14, 15) . In addition, IPMK displays physiologic activities that are independent of its catalytic activity, such as binding and stabilizing the mTOR1 complex (16) , as well as enhancing p53-mediated transcription and cell death (17, 18) . We show that IPMK is a transcriptional coactivator that is required for induction of a multiplicity of IEGs in the brain by binding to and regulating the recruitment of the histone acetyltransferase CBP.
Results
IPMK Is Required for IEG Induction. IPMK is essential for mammalian physiology, as conventional IPMK −/− mice perish at embryonic day 9.5 (E9.5) as a result of multiple morphological deficits (19) . Accordingly, we created conditional knockout IPMK mice, using the Cre-loxP system. To elucidate neural functions of IPMK, we created brain-specific IPMK knockout mice by mating IPMK floxed/floxed mice with nestin-Cre +/− mice, which mediate excision of floxed alleles in neuroprogenitor cells before neuronalastrocyte differentiation (20) . These IPMK brain knockout mice are viable, grossly normal, and give rise to offspring in predicted Mendelian frequencies, despite the abolition of IPMK protein in several brain regions (Fig. 1A) .
The most dramatic induction of IEGs in the brain is elicited by electroconvulsive shock (ECS) (6) . Within minutes after ECS, we observe four-to eightfold increases in hippocampal mRNA for the FBJ murine osteosarcoma viral oncogene homolog (c-fos), Jun proto-oncogene (c-jun), early growth response protein 2 (egr2), early growth response protein 3 (egr3), and VGF nerve growth factor inducible (VGF), which are substantially decreased in IPMK-deleted mice (Fig. 1B) . This decrease is still seen 1 h after ECS treatment (Fig. S1A) . Protein levels for c-fos, c-jun, and activity-regulated cytoskeleton-associated protein (Arc/Arg3.1), maximally induced by ECS, are markedly diminished in IPMK mutants (Fig. 1C) . This decrease in IEGs reflects neuronal mechanisms, as IPMK is predominantly expressed in neurons. Thus, synapsin-Cre +/− IPMK fl/fl mice in which IPMK deletion occurs at E12.5 in developing neurons display essentially a complete absence of IPMK via Western blot (Fig. S1B) , as well as pronounced deficits in IEG induction in the cortex after ECS (Fig.  S1C) (21) . Synapsin-Cre +/− IPMK fl/fl mice also exhibit decreased c-fos and c-jun protein levels after ECS treatment (Fig. S1D) .
As IEGs are responsive to a variety of cellular stimuli, we sought to determine those influenced by IPMK. Induction of c-fos is impaired more than 50% in primary IPMK fl/fl neurons, with lentiviral-mediated deletion of IPMK after treatment with
Significance
The induction of immediate early genes (IEGs) by neural stimuli underlies much of the plasticity of brain function, but regulatory mechanisms have been obscure. Inositol polyphosphate multikinase (IPMK) is a notably pleiotropic enzyme that displays inositol phosphate kinase activity and phosphatidylinositol kinase activity and exhibits physiologically noncatalytic actions such as stabilizing the mammalian target of rapamycin complex 1 complex. We report that IPMK is required for IEG induction by neural activation and neurotrophic stimuli. We have elucidated the molecular mechanisms responsible for IPMK influences; namely, that it enhances the transcriptional coactivation ability of Creb-binding protein (CBP). This epigenetic regulation of IEGs may have both neural and nonneural implications, as IPMK and CBP are broadly expressed in a variety of tissues.
potassium chloride (KCl), forskolin, nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), the GABA antagonist bicuculline, and the glutamate agonist kainic acid (Fig. 1D ). To examine regulation by IPMK of IEGs in a continuous cell line, we used the neuronal-like PC12 cells (Fig. S1E) . Induction of several IEGs by potassium depolarization (Fig. S1F) (Fig. 1E) . However, the IPMK mutants manifest deficits in spatial localization of the target during a probe trial 1 wk after training (Fig. 1F) . The spatial memory deficit of nestin-Cre
mice is consistent with the impaired memory for context of these mice tested 1 wk after habituation to a novel environment ( Fig. S2  A and B) . Short-term memory in nestin-Cre +/− IPMK fl/fl mice appears normal, as these mice perform as well as littermate controls in the novel object recognition test 3 h after training (Fig. S2C) . However, the IPMK knockout mice are impaired in novel object recognition 24 h after training (Fig. S2D) , which is commensurate with a deficit in long-term memory.
IPMK Binds to CBP and Enhances Its Recruitment to the c-fos
Promoter. We explored molecular mechanisms underlying the ability of IPMK to mediate induction of IEGs. The histone acetylating enzyme CBP is recruited to IEG promoters immediately after neuronal activity (22) . We monitored the recruitment of CBP to the promoter of c-fos, using chromatin immunoprecipitation (ChIP) (Fig. 2A) . Recruitment of CBP to the c-fos promoter in response to BDNF stimulation is reduced more than 50% in IPMK-deleted neuronal cultures. Associated histone H3 and H4 acetylation is similarly diminished (Fig. 2B) . NGF-associated recruitment of CBP to the c-fos promoter in PC12 cells is also substantially reduced (Fig. S3A) after IPMK depletion by RNA interference with similar diminution of histone acetylation (Fig. S3B ). The importance of IPMK in this process is evident in intact mice subjected to ECS, in which CBP recruitment to the c-fos promoter ( Fig. 2C ) and associated histone acetylation is markedly reduced in IPMK knockout mice (Fig. 2D) .
To elucidate how IPMK affects CBP, we examined physical interactions between the two proteins. Endogenous IPMK binds to CBP in mouse brain lysates (Fig. 2E) . Overexpressed IPMK and CBP bind robustly in HEK293 cells (Fig. S3C ). This binding is regulated by neuronal depolarization, as within 5 min of KCl treatment, binding between the two proteins increases more than threefold (Fig. 2F) . Similarly, NGF stimulates IPMK-CBP binding more than twofold in Neuro2A cells (Fig. S3D) .
To ascertain whether binding of IPMK to CBP is responsible for regulation of CBP function, we mapped binding interactions between IPMK and CBP. A construct comprising amino acids 1-75 of IPMK binds robustly to CBP (Fig. 3A) . This IPMK 1-75 fragment acts as a dominant-negative, preventing binding of IPMK to CBP (Fig. 3B) . We monitored influences of the 1-75 fragment on BDNF-elicited transcriptional events. Induction of c-fos mRNA (Fig. 3C) and protein (Fig. 3D) by BDNF is reduced substantially by overexpression of the IPMK dominant-negative fragment. Similarly, recruitment of CBP to the c-fos promoter (Fig. 4E ) and associated histone acetylation (Fig. 4F ) are both markedly diminished by the 1-75 IPMK fragment.
IEG Induction Does Not Require IPMK Catalytic Ability. IPMK acts catalytically as both an IP3-kinase phosphorylating inositol phosphates (12, 13) and a PI3-kinase phosphorylating phosphatidylinositol 4,5-bisphosphate (14, 23) . Noncatalytically, IPMK binds and stabilizes the mTORC1 complex (16) . We explored properties of IPMK that may mediate its stimulation of IEGs. In primary cortical cultures, we deleted IPMK by lentivirus GFP-Cre and attempted rescue by infection with lentiviruses encoding wild-type IPMK, kinase-dead IPMK (K129A, S235A), or Arabidopsis thaliana IPMK (atIpk2). AtIpk2 is notable for lacking PI3-kinase activity and possessing only IP3-kinase activity, thus allowing selective complementation of pathways that require soluble inositol polyphosphates (24, 25) . The divergence in structure of atIpk2 from mammalian IPMK (24) is evident in the failure of atIpk2 to bind CBP (Fig. 4A) . The decrease in induction of c-fos RNA (Fig. 4B) and protein (Fig. 4C) in IPMKdeleted primary neurons is rescued both by wild-type and kinase dead mammalian IPMK, but not by atIpk2.
We substantiated these findings in experiments using PC12 cells that were stably expressing wild-type mouse IPMK, kinasedead IPMK, or IPMK (atIpk2) and that were transiently transfected with shRNAs to knock down endogenous rat IPMK. Depolarization with KCl increases c-fos mRNA more than twofold in cells overexpressing wild-type IPMK and kinase-dead IPMK, but not atIpk2 (Fig. S4A) . Both wild-type and kinasedead IPMK, but not atIpk2, increase c-fos protein levels (Fig.  S4B) . These experiments confirm that catalytic activity of IPMK is not required for gene activation and that inositol phosphate repletion is not sufficient to rescue c-fos transcription.
In primary IPMK knockout cortical cultures, recruitment of CBP to the c-fos promoter (Fig. 4D ) and concomitant histone H3 acetylation (Fig. 4E) are rescued by both wild-type and kinase dead IPMK, but not by atIpk2. Thus, regulation of IEGs by IPMK is independent of catalytic function but displays certain structural requirements, as atIpk2 fails to elicit these actions.
Discussion
In sum, we show that IPMK is critical for the induction of IEGs by diverse stimuli including neuronal depolarization and various growth factors. IPMK regulates IEGs by binding to CBP to augment its recruitment to promoters of the IEGs. Because of the importance of CBP function and IEGs for plasticity of neuronal function (22, (26) (27) (28) (29) (30) (31) (32) , we suggest that IPMK is a novel determinant of mechanisms underlying learning and memory. Such a possibility is supported by the impaired performance of nestin-Cre +/− IPMK fl/fl mice in contextual habituation and the Barnes maze test.
A notably pleiotropic protein, IPMK possesses two distinct kinase functions as well as noncatalytic functions. In the cytosol, IPMK is a physiologic PI3-kinase that enhances signaling downstream of Akt phosphorylation (14) . In addition, IPMK is a crucial cofactor in the mTORC1 complex independent of its catalytic function (16) . Within the nucleus, yeast IPMK (also known as Arg82) regulates genes responsive to arginine and phosphate disposition (33) . Although considerable debate has centered on the role of IPMK's catalytic metabolites in yeast transcriptional regulation (34) (35) (36) , recent complementation experiments reveal that arginine gene transcription does not require IPMK's catalytic activity (37) . This is in contrast with PHO5 gene transcription, which requires IPMK's IP3-kinase functionality (38) . Whereas IPMK's ability to regulate transcription in yeast is well-established, nuclear roles of mammalian IPMK are less understood. We recently reported that IPMK binds to p53 during cell death and enhances p53-mediated gene transcription independent of IPMK catalytic activity (17, 18) . Blind et al. (23) showed that IPMK's nuclear PI3 kinase activity generating PIP3 is integral to the transcription of steroidogenic factor 1 targets (23) . Recently, transcriptional repressive functions have been implicated for inositol 1,4,5,6-tetrakisphosphate (39) . In a crystal structure of histone deacetylase 3 (HDAC3) in complex with the deacetylase activating domain (DAD) domain of nuclear receptor co-repressor/silencing mediator for retinoid or thyroid-hormone receptors (NCoR/SMRT), inositol 1,4,5,6-tetrakisphosphate localizes at the interface of these two proteins and stimulates HDAC catalytic activity. Thus, the soluble inositol phosphate kinase activity of IPMK might repress gene transcription. In contrast, we show that IPMK noncatalytically stimulates histone acetylation by CBP. Conceivably, posttranslational modifications may elicit a switch between IPMK's catalytic versus noncatalytic states, differentiating transcriptional coactivation versus corepression via recruitment of IPMK into CBP versus HDACcontaining complexes.
Our study has focused on neural roles of IPMK-CBP interactions. Both IPMK and CBP are expressed ubiquitously (31, 40) . CBP regulates many transcriptional events other than IEGs. Accordingly, IPMK's influence on gene transcription may be relevant to a wide range of physiologic events.
Materials and Methods
Mice. IPMK fl/fl mice were generated at Ozgene, as described previously (14) .
IPMK fl/fl mice were mated with nestin-Cre mice (Jackson Laboratory, stock no. 003771) or synapsin-Cre mice (Jackson Laboratory, stock no. 003966) to create IPMK brain-knockout mice. Mice were weaned at postnatal day 20 and housed by sex in groups of three to five mice. Male mice were used for experiments at 6-12 wk of age. All mice were housed with a 12-h light-dark schedule and received food and water ad libitum. Animal protocols were performed in accordance with National Institutes of Health guidelines and approved by the Johns Hopkins University Committee on Animal Care.
ECS. ECS was administered as previously described (41), wherein the electroshock consisted of 0.5-s, 100-Hz, 10-mA stimulus of 0.5-ms square wave pulses delivered using the Ugo Basile ECT unit, Model 7801. At these parameters, both IPMK deletion mutants and control littermates showed similar minor convulsions lasting 1-2 s; 15 min after ECS, animals were decapitated and their brains processed for RNA isolation. For Western blotting, animals were processed 1 h after ECS. The ChIP assay is used to assess CBP recruitment to the c-fos promoter after BDNF treatment in neurons infected with control HA-tag or HA-tagged dominant negative construct. Cells containing the dominant-negative IPMK fragment show decreased recruitment to the promoter. ***P < 0.001. Data are means ± SEM from three experiments. (F) The ChIP assay is used to assess histone H3 acetylation at the c-fos promoter after BDNF treatment. Cells containing the dominant-negative IPMK fragment demonstrate decreased levels of histone acetylation. ***P < 0.001. Data are means ± SEM from three experiments.
Dissociated Neuron Culture. Dissociated cortical neurons were prepared from E16/17 mouse pups and maintained in a humidified incubator with 5% CO 2 at 37°C. Cultures were maintained in Neurobasal medium supplemented with B27 (Invitrogen) and glutamine. Neurons were plated at 1,500,000 per well in a six-well plate, or 8,000,000 per 10-cm plate. Plates were coated with poly-D-lysine. For viral transduction, neurons were infected overnight with 1 μL of 1.5 × 10 8 infectious units per milliliter per 1,000,000 cells. For stimulation experiments, neurons were depolarized for 30 min for RNA and 1 h for Western blots and ChIP. Neurons were treated with KCl (55 mM), forskolin (10 μM), BDNF (50 ng/mL), bicuculline (50 μM/mL), kainate (100 nM), or NGF (100 ng/mL).
ChIP Assay. ChIP assays were performed as described previously (42) . See SI Materials and Methods for detailed protocol.
Barnes Maze Test. The Barnes Maze was performed as previously described (43) . Animals were trained with two trials each day for 10 d, with an intertrial interval of 1 h. After training, animals were tested via probe trial 7 d later. Data were compared with two-way ANOVA followed by Holm-Sidak post hoc tests.
Novel Object Recognition Test. This task was performed as previously described (26) . Mice were tested at 3 and 24 h. Exploration times were recorded and used to calculate the discrimination index (time spent with object A − time spent with object B)/(total time exploring both objects) for training and test sessions. Discrimination indices of 0 indicate equal exploration of both objects. Discrimination indices were compared via one-way ANOVA with Dunnett's post hoc analysis.
Context Habituation. To examine habituation of activity and memory for a context, mice were allowed to freely explore and open a field chamber for two 5-min sessions on each of 2 consecutive days (day 1 and day 2). Mice were then returned to the same chamber 7 d later for two additional 5-min sessions (day 9). Average movement times were calculated for mice in each group, and the movement times of day 2 and day 9 were compared to assess retention for context via one-way ANOVA. 
